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The polycondensation kinetics of silicic acid was measured cryoscopically in a temperature interval between 5
• C and 35
• C. Unlike polyamines such as polyallylamine, polylysine or polyarginine, catalitical amounts of Cytochrom c have a distinct retarding influence on the polycondensation kinetics. The Arrhenius analysis of the experimental reaction rates with and without Cytochrome c determines an invariant activation energy of E CC/wo A = (69.9 ± 0.7) kJ/mol, while the pre-exponential factors differ by ∆κ 0 = (1 × 10 8 ± 8 × 10 7 ) s −1 . The latter can be attributed to a three-times pejoration of a sterical factor, which then indicates, that the adsorption of reactive silicic acid oligomers on the protein is dominating the reaction rate.
Introduction
The properties of silicates are of special interest because of their importance in material science. There has been a lot of research effort focussing on studies of silicate formation. A review of these studies is given in Ref. [1] . Complex and delicate silicate structures are also important in a number of living organisms [2] . In this regard in vitro synthesis of such structures by means of controlled silicate formation is the final purpose of biomineralization studies. However, the understanding of biomineralization is at its very early stage [3] . Even though of the recent progress, there is a general lack in basical research devoted to studies on reaction dynamics of the polycondensation of silicic acid and the influence of foreign species on these dynamics. Some earlier studies provide activation parameters and rate constants for the polycondensation under different conditions [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
However, a serious problem concerning accurate chemical kinetics is, that even the initial polycondensation exhibits concurrent processes [1] . It is widely accepted that the polycondensation rate is dominated by the condensation at ionized silicic acid species, because the presence of a nucleophilic oxygen in charged species accelerates the reaction. Since the pK of silicic acid species decreases from monosilicic to oligosilicic acids, the early stages of the reaction are already affected by condensation on oligosilicic acids [14] . The pK of monosilicic acid is around 9.8 and only at pH ≈ 2 . . . 6 the polycondensation is slow enough for the initial steps to be studied in detail.
The investigation of the first polycondensation stages and accurate knowledge of the dissolved species is the basis of the cristallization control. In addition to NMR studies such as [14] , e.g., mass spectrometric studies [15] [16] [17] can help to illuminate the condensation process. However, fundamental studies such as the characterization of activation parameters, which help to understand the purposive silicate formation, pave the way to manipulation of reaction dynamics. Recent studies, [3, 18] (references therein), show, that the silicic acid polycondensation process is activated by polyamines such as polyallylamine, polylysine and polyarginine. It is proposed, that these polyelectrolytes adsorp monomers and small oligomers onto amino groups bringing them together and favouring condensation. Thus, this activation is not a catalytic affect, i.e. there is no depression of activation energy barrier. However, catalytic effects of biosilification proteins like Silicatein on the polycondensation of silicic acid are postulated. In the view of purposive silicate formation, it might be interesting, how to slow down rather than speed up the reaction rates. If monomers and oligomers get adsorped onto polyelectrolytes and if the adsorption onto a charged function is sufficiently stable, a spacial separation of adsorbed silicic acid species should slow down the reaction rates. This pre-requisite is valid for most proteins, as charged amino acids are arranged all over the protein surface while already small amounts of protein provide a huge surface in the reaction batch.
We investigated the influence of catalytical amounts of Cytochrome c, a protein of the mitochondrial respiratory chain, on the polycondensation kinetics in a biologically relavant temperature intervall from 5
• C to 35 • C. Cytochrom c was chosen to examplify a well studied protein, even so Cytochrome c is not a protein like Silicatein [19] involved in the silification process in organisms. As accurate chemical kinetics are only accessible under simplified assumptions, we characterized the polycondensation kinetics by the increase of the medial molecular weight. An Arrhenius analysis of this phenomenological polycondensation rates provides effective activation energies and pre-exponential factors. These parameters elucidate whether catalytical or sterical aspects in the interactions between the protein and silicic acid species dominate the polycondensation dynamics. 
Experimental
We utilized a precision cryoscopy apparatus set up as shown schematically in Fig. 1 . It consists of a computer controlled Julabo 1 F 12 ME thermostat coupeled with an additional, self-constructed cooling unit to provide an improved cooling power of 2.2 kW at 20
• C. The heating power is 2 kW. The thermostat adjusts the temperature of the tempering liquid flowing through a double wall container (V2A) that acts as a reaction-cell. For the purpose of homogenisation, the solution is permanently stirred. The container is capped by a rubber-nyliner allowing a Pt-resistance-sensor-gauge Krick/Merz MPMI 1004/300 to protrude into the solution. The resistance of the sensor gauge is determined by a resistance measurement chain using an Anton Paar 2 MKT 100 precision thermometer. Since line voltage fluctuations compromise the measurement, the precision thermometer is decoupled from the line voltage using an independent voltage feed-in (USV). The entire measurement chain (MPMI 1004/300 and MKT 100) was calibrated at the calibration laboratory Klasmeier Kalibrier-und Meßtechnik GmbH in Fulda, Germany. The interpolation points of this three-point-calibration were the mercury melting point (−38.83440
• C, ITS-90, melting point cell), water triple point (+0.01000
• C, ITS-90, tripel point cell) and the gallium melting point (+29.76460
• C, ITS-90, melting point cell).
Before addition of tetramethylorthosilicate (TMOS), the freezing point of the pure solvent (bidistilled water, pH = 4.00 hydrochloric acid) was determined. The freezing point, which slightly depends on the barometric pressure, was around −0.002
• C in all experiments. The variation of the freezing point as a function of the pressure ∆T p is calculated from the freezing point at standard conditions T ⊕ m , the change in pressure ∆ p, the change in volume during freezing ∆V and the standard melting enthalpie H After the solvent heating to 40
• C TMOS was added, and TMOS prehydrolysis was performed for about 7 min. Then the reaction was cooled down at a rate of approximately 2 K per min and the freezing point was determined. In the experiments with Cytochrome c, an aliquot Cytochrom c solution (in bidisstilled water, pH = 4.00, hydrochloric acid) was added to the still frozen prehydrolysis. The medial silicic acid concentration after prehydrolysis was 0.115 mol/L in all experiments. The concentration of Cytochrome c was 1 × 10 −5 mol/L in all experiments and caused no observable depression of freezing point in our experimental setup, as the depression of freezing point for this concentration is 18.5 µK. Cytochrom c from horse heart (equus caballus, Sigma-Aldrich, product number C-7752) was used in all experiments. The pH of the reaction batches was monitored to be constant in the studied temperature interval.
The solutions were heated to the reaction temperature at an initial rate of approximately 3 K per min (5 • C to 35 • C) then and the freezing point was determined in the intervall of one hour. The cryoscopic progression is shown in Figs. 2 and 3 . The depression of freezing point is calculated from the difference between the freezing point of the pure solvent and the freezing point after a certain reaction time. Fig. 3 shows the temperature curve and reaction time. The time for temperatures below 0
• C can be neglected, since the kinetics become very slow at this low temperatures. However, the time during the heating and cooling periods cannot be neglected. The interval between two measurements of the freezing point can be calculated as the time period between passing 0
• C and the end of the programmed reaction temperature: the initial heating is faster than cooling because of the temperature dependence of the cooling effeciency, which is inversly proportional to the temperature difference. When approaching the reaction temperature, heating of the reaction mixture slows down, because the thermostat adjusts the heating power and thus reduces the temperature gradient between tempering liquid and reaction mixture. Effectively, the integrals of heating and cooling phase are approximately the same (see Fig. 3 ). Hence, one can assume that the full reaction temperature is effective for the predefined heating period. The period is 56 min in all experiments. The maximum deviation observed for one heating cycle is 1.5 min. In the error analysis the approximations were accounted for with an assumed total uncertainity of 5 min.
Results and discussion
The progression of the medial molecular weight M rel. = M silicic acid M measured displays a temperature dependency and a distinct influence of Cytochrome c on the polycondensation rate (see Fig. 4 , data see Tables 1 and 2 ). The linear increase of the relative molecular weight can be represented to good approximation as a function of rate κ and time t by
until a relative molecular weight of approximatly 4.5 is reached. Eq. (1) is a phenomenological derivation based on the obtained data as shown in Fig. 4 . The regression provides the polycondensation rates κ CC in presence and κ wo in absence of Cytochrome c. The values are shown in Table 3 . The temperature dependency of the polycondensation rates can be described by an Arrhenius approach
The Arrhenius plot is shown in Fig. 5 . The values of T = 5
• C (≈ 0.0036 K −1 ) can be neglected, as the reaction is very slow and the polycondensation rate can hardly be determined.
Already visual inspection of the data indicates a parallel slope. Indeed, a linear regression with identical slopes for both plots is maintain- and κ CC 0 = (7 × 10 7 ± 2 × 10 7 ) s −1 and a common activation energy E CC/wo A = (69.9 ± 0.7) kJ/mol. The difference of the pre-exponential factor is ∆κ 0 = (1 × 10 8 ± 8 × 10 7 ) s −1 . This difference can be interpreted as a change in a sterical factor F, • C 2 0 Table 2 . Obtained data in presence of 1
mol/L Cytochrome c. σ denotes the 1-σ deviation of the individual measurements. The data were corrected to M rel. (t = 0) = 1.000 by parallel translation.
σ 0 1.0000 0.0352 1.0000 0.0437 1.0000 0.0147 1.0000 0.0499 1.0000 0.0079 1.0000 0.0319 1.0000 0.0285 Table 3 . Polycondensation rates determined by linear regression (Eq. (1)) of the experimental data shown in Fig. 4 . κ wo indicates the rates without and κ CC indicates the rates with Cytochrome c, respectively. 3. Thus, the sterical factor gets three times more unpropitious in presence of Cytochrome c. As the activation energies are invariant for the presence and absence of Cytochrome c, there is no catalytic influence of Cytochrome c on the polycondensation of silicic acid. The influence on the sterical factor can easily be rationalized by an adsorption of reactive oligomers. Undoubtedly, it is not the silicic acid monomer getting adsorbed, as this would have to be indicated by an accelerated increase of M rel. in the reaction mixture. An insignificant amount of adsorbed monomers cannot explain the retarding effect either. If oligomers get adsorbed, the reactive surface of the oligomer is obstructed by the protein. The amount of adsorped oligomers might be quite small, if only few oligomers exist that explicitly dominate the reaction rate. Thus, it is evident, that the polycondensation in presence of Cytochrome c is retarded because of the adsorption of reactive oligomer species onto the protein surface. Which species get adsorbed could yet not be clarified by means of ESI-MS and NMR.
